Abstract: Cardanol, a well known hazardous byproduct of the cashew industry, has been used as starting material for the synthesis of useful differently substituted "cardanol-based" porphyrins and their zinc(II), copper(II), cobalt(II) and Fe(III) complexes. Novel composites prepared by impregnation of polycrystalline TiO 2 powder with an opportune amount of "cardanol-based" porphyrins, which act as sensitizers for the improvement of the photo-catalytic activity of the bare TiO 2 , have been used in the photodegradation in water of 4-nitrophenol (4-NP), which is a toxic and bio-refractory pollutant, dangerous for ecosystems and human health.
Introduction
Cardanol is a naturally occurring phenol obtained by vacuum distillation of cashew nut shell liquid (CNSL), a waste byproduct obtained in the cashew nut processing industry [1] [2] [3] [4] [5] . Despite the fact that cardanol could really be considered a dangerous toxic waste, mainly due to the massive amounts of CNSL produced annually, it represents a precious natural renewable resource which can be used as a starting material for the preparation of a large variety of useful chemicals [6] .
In fact, the preparation of fine chemicals from natural and renewable materials is nowadays becoming an attractive topic of research especially for the purpose of recycling huge amounts of agro-industrial waste.
The yellow oil obtained by vacuum distillation of CNSL, that for simplicity we call cardanol, contains 3-n-pentadecylphenol, 3-(pentadeca-8-enyl)phenol, 3-(pentadeca-8,11-dienyl)phenol, and 3-(pentadeca-8,11,14-trienyl)phenol in approximately 8%, 80%, 8%, 6%, respectively ( Figure 1 ) [7] . On the other hand, the photodegradation of organic pollutants in water is a topic of growing interest and much attention has been devoted in recent years from both academic and industrial researchers to design new photocatalytic systems having effective application in environmentally friendly processes like the TiO 2 -based photocatalysts used for the oxidative degradation of various kinds of organic pollutants [8] [9] [10] .
4-Nitrophenol (4-NP) is a harmful and bio-refractory contaminant which can cause considerable damage to the ecosystem and human health. For this reason its efficient degradation in aqueous effluents is important in order to minimize its deleterious effects as well as environmental problems [11] [12] [13] [14] .
In the past, we have used 3-n-pentadecylphenol (hydrogenated cardanol), as well as cardanol, as basic materials for the preparation of fine chemicals such as meso-tetrasubstituted cardanol-based A 4 -porphyrins [15, 16] ; but, we noted that only a few examples concerning the use of 3-n-pentadecyl- phenol-based porphyrins as sensitizers to enhance the photoactivity of TiO 2 in the photodegradation of pollutants in water under UV light, have been reported [17] .
Therefore, continuing our research in this area, we like to report here the synthesis and characterization of new meso-AB 3 We would also like to report studies concerning the photocatalytic activity of these compounds, once deposited onto TiO 2 , in photodegradation of 4-nitrophenol contained in the water. The advantages related to the use of cardanol-based porphyrins containing double bonds in the cardanol side chain has also been noted in this work.
Results and Discussion

Synthesis and Characterization of Cardanol Based Porphyrins
In this work, the term cardanol is used to refer mainly to 3-(pentadeca-8-enyl)-phenol, the monoolefinic component which can be obtained almost pure from the cardanol oil through distillation and chromatographic separation, the purity of which, enough for our purposes, was confirmed by GC-MS and NMR analyses. The meso-AB 3 and trans-A 2 B 2 porphyrins were obtained, using 4-[2-(3-(pentadeca-8-enyl)phenoxy)-ethoxy]-benzaldehyde (1) which was prepared from cardanol through two steps as shown in Scheme 1, following the procedure reported in the literature [6, 18] . For instance, the UV-Vis spectrum of 3 showed a Soret band at 419 nm and Q bands at 516, 552, 590 and 646 nm; the UV-Vis spectrum of 4 showed a 1 nm red shift, with a Soret band at 420 nm and Q bands at 517, 553, 591 and 647 nm. A red shift in the Q bands was also observed in the previously reported cardanol-based A 4 -porphyrin [16] . This suggested to us that the number of the substituents in the porphyrin molecule influences the value of the maximum of absorption in the UV-Vis spectra, producing a red shift when the number of substituents is increased. The MALDI-TOF analysis of the respectively and consistent with the proposed structures. 1 H-NMR and FT-IR spectra of 3 and 4 were also consistent with the proposed structures. In fact, 1 H-NMR spectrum of 3 exhibited a multiplet in the 8.82-8.89 ppm range attributable to the eight protons at the β position of the pyrrole moiety, whereas two typical doublets centered at 8.84 and 8.87 ppm for the β position of the pyrrole moiety were observed in 4, due to its higher symmetry. The aromatic protons, found in the 8.24-6.83 ppm range and the protons of the double bond of the side-chain in the 5.28-5.42 ppm range appear as multiplets, and were similar in both porphyrins 3 and 4. In the case of 3, two multiplets corresponding to the protons of the O-CH 2 CH 2 -O system were found in the 5.30-5.40 and 4.59-4.64 ppm range, but in the case of 4 two triplets were found at 4.53 and 4.63 ppm. The triplets centered 2.63 and 2.64 ppm in 3 and 4, respectively, correspond to the aliphatic protons of the Ar-CH 2 system, the other aliphatic protons were in the range 0.75-2.12 ppm in both 3 and 4. NH protons were present as a broad band centered at −2.77 and −2.76 ppm in 3 and 4, respectively. The FT-IR spectra of porphyrins 3 and 4 showed a weak band at 3,317 cm −1 , characteristic of the NH vibration, and at 3,006 cm −1 attributed to the side-chain vinylic =C-H vibration. Porphyrins 3 and 4 were next used for preparation of the corresponding metallo-derivatives 3a-3d and 4a-4d (Scheme 3) in nearly quantitative yields, by reacting them with Zn(OAc) 2 , Co(OAc) 2 ·4H 2 O, CuCl 2 , and FeCl 3, respectively. FT-IR, UV-Vis, MALDI-TOF and elemental analyses of the metalloporphyrin complexes 3a-3d and 4a-4d were consistent with the proposed structures. Yields and UV-Vis absorption bands of 3a-3d and 4a-4d are also reported in Table 1 .
From the UV-Vis absorption bands it is possible to observe that in the case of metalloporphyrins 3a-3d and 4a-4d, the Soret band is only slightly shifted compared to the corresponding metal-free porphyins and the Q bands are reduced to two or at least one because the symmetry of porphyrin ring increases when the hydrogen atoms were replaced by metals.
The IR spectra of 3a-3d and 4a-4d were close to those of the corresponding metal-free porphyins 3 and 4, except for the disappearance of the NH vibration at 3317 cm −1 . MALDI-TOF mass spectrometry analysis was successfully used for the determination of the molecular weight of the metalloporphyrin complexes 3a-3cd and 4a-4d (see Experimental Section). 1 H and 13 C-NMR spectra were recorded only in the case of Zn(II) complex 3a and 4a because of the paramagnetic effect of the Cu(II), Co(II) and Fe(III) metal ions that hindered the recording of any such spectra.
Preparation of the Cardanol Based Porphyrin/TiO 2 Composites and Diffuse Reflectance (DR) Spectroscopy Characterization
TiO 2 composites used as photocatalysts were prepared by impregnating of TiO 2 with cardanol-based porphyrins according with the procedure reported in the Experimental. It is worth noting that no appreciable shift of the band gap edge of TiO 2 can be observed for any of the loaded samples. This behaviour was in accord with previously studied metal free and copper [5,10,15,20-tetra(4-tertbutylphenyl)] porphyrins [19] . (a) (b)
Photoreactivity Experiments
A few years ago, we reported that polycrystalline TiO 2 samples impregnated with differently substituted porphyrins synthesized from commercially available starting materials displayed better photocatalytic activity, in comparison with polycrystalline bare TiO 2 samples, in the photocatalytic degradation of 4-NP in water [19, 20] . In this work, novel cardanol-based composites 3/TiO 2 , 3a/TiO 2 -3d/ TiO 2 and 4/TiO 2 , 4a/TiO 2 -4d/TiO 2 , were tested in the photocatalytic degradation of 4-NP.
The efficiency of a photodegradation catalyst has been evaluated by measuring the rate of consumption of 4-NP in a slurry containing a finely dispersed semiconductor, under constant illumination. It can also be noticed that the substrate was degraded using each of the photocatalysts, following pseudo-first-order kinetics. The list of used samples is reported in Table 2 , along with the initial reaction rates of 4-NP disappearance as r 0 × 10 9 (mol L −1. ) and % conversion of 4-NP. Figure 4 shows the diminution of 4-NP concentration vs. irradiation time using different amounts of CuPp (4b)/TiO 2 photocatalysts. These preliminary investigations were carried out in order to establish which among the differently impregnated photocatalysts exhibited the highest photoactivity. It can be seen that the samples impregnated with 6.0-CuPp (4b)/TiO 2 exhibited the highest photoactivity. These results are in accord with those observed by using the sensitizers 3a-3d as summarized in Table 2 .
As shown in the Figure 5 , the Cu(II) porphyrin 4b definitely proved a more effective sensitizer in the photodegradation of 4-NP than other MPp's (M = Co, Zn) 4a, 4c, which have a slight beneficial effect. Interestingly, in contrast with previous experimental evidence [19] [20] [21] , there is a detrimental effect observed for the free-base and Fe(III) porphyrin composites 4/TiO 2 and 4d/TiO 2 compared with bare TiO 2 which could be ascribed to the different lamp used as irradiation source. The photocatalytic activities are also very slightly influenced by the substitutions and the spatial positions of the substitutions of porphyrins. In particular, the composites (4, 4a-4d)/TiO 2 when used as catalysts show slightly better photocatalytic activities than (3, 3a-3d)/TiO 2 , but they have a similar activity order. All the studied cases gave a conversion of 4-NP higher than 85.5%; in particular, by using the most efficient CuPps/TiO 2 photocatalysts the measured conversion was close to 98% (Table 2) .
Further investigations were carried out in order to establish the photostability of the CuPp 4b impregnated onto the TiO 2 surface. Repeated recycling experiments confirmed that this porphyrin supported onto TiO 2 showed good stability under irradiation conditions and samples continued to maintain good photocatalytic activity after several cycles. Figure 6 shows how the most active photocatalyst, i.e., CuPp (4b) TiO 2 can be recycled six times, after its first use, without significant loss of activity. Typically, 3b and 4b, being effective sensitizers, were insoluble in the water and stable under UV irradiation, and the catalysts 3b/TiO 2 and 4b/TiO 2 were also reused several times without loss of the activity.
Taking into account the r 0 values reported in the Table 2 of the impregnated MPps were in the following order: CuPp > CoPp > ZnPp > bare TiO 2 > H 2 Pp > FePp. The results related to the photo-degradation of 4-NP in an aqueous heterogeneous environment suggest that the Cu(II)-Cu(I) photocatalytic redox cycle plays the main beneficial role for the occurrence of the whole process. In a previous work [20] we demonstrated that Cu(II) could be reduced to Cu(I) [see equation (1) ] by electrons of the conduction band of TiO 2 where additional electrons are injected, due to the presence of the sensitizer: 
Despite the complex mechanism of reactions the redox process reported in equation 1 seems to be the key step in the course of which is possible to increase the amounts of OH radicals and superoxide anion responsible of the degradation process of 4-NP [19, 20] . Moreover, in the present case, porphyrin sensitizers containing un-saturated chains capable of being oxidized have been used for the first time. Spectroscopic analysis (UV-Vis, FT-IR, etc.) carried out in order to check the photostability of the porphyrins used as the sensitizers permitted us to prove the stability of the double bonds contained in the side cardanol chains. In fact, typical spectroscopic signals of double bond of cardanol are still present at the end of each process. This could means that the oxidizing species responsible of the photo degradation processes by oxidative demolition of the 4-NP [19, 20] act in water solution far from the composite TiO 2 surface.
Experimental
Reagents
Cardanol oil (technical grade) was kindly provided by Oltremare S.p.A. (Bologna, Italy). TiO 2 (anatase phase, specific surface area 8 m 2 /g), kindly provided by Tioxide Huntsman was dried and crushed to obtain particles with a diameter smaller than 0.1 mm. All other starting materials were purchased from Aldrich Chemical Co and used as received. Silica gel (Merck) was used in the chromatographic separations. Solutions of 4-nitrophenol, used without further purification, were prepared by dissolving the required quantity of 4-NP in water obtained from a New Human Power I water purification system.
Analyses
FT-IR spectra were recorded on a JASCO FT-IR 430 spectrometer. UV-Vis spectra were recorded on a Cary 100scan UV-visible spectrophotometer. 
Synthesis
Synthesis of the cardanol based precursors of the porphyrins
4-[2-(3-(Pentadeca-8-enyl)phenoxy)-ethoxy]-benzaldehyde
(1) was synthesized in our laboratory [6, 18] ; meso-phenyldipyrrolmethane (2) was synthesized with the standard procedure in the literature [7] .
Synthesis and characterization of 5,10,15-triphenyl-20-mono-[4-(2-(3-pentadec-8-enyl) phenoxy) ethoxy] phenylporphyrin (3)
Compound 3 was obtained by statistical synthesis starting from a 3:1 benzaldehyde-1 mixture using a procedure similar to that reported in reference [7] . Yield: 10%; 112.0, 112.9, 113.3, 115.5, 115.7, 120.4, 120.5, 120.6, 121.4, 121.8, 127.1, 128.1,  128.4, 129.7, 129.8, 130.3, 130.4, 135.0, 135.3, 136.0, 142.6, 142.6, 145.3, 155.8 
Synthesis and characterization of 5,15-diphenyl-10, 20-di-4-(2-(3-pentadec-8-enyl)phenoxy)ethoxy] phenyl porphyrin (4)
Aldehyde 1 (0.45g, 1 mmol) and meso-phenyldipyrrole 2 (0.22g, 1 mmol) in chloroform (150 mL) were stirred at room temperature for 10 min, and then BF 3 ·OEt 2 (3.75 mL of 0.1 M solution in CHCl 3 , 0.375 mmol) was added. The reaction mixture was stirred at room temperature for 24 h, then DDQ (0.17 g in CHCl 3 ) was added slowly to the solution with vigorous stirring. Subsequently, the reaction mixture was stirred at room temperature for a further 24 h and then removed the solvent under vacuum. The reaction mixture was passed through a silica gel chromatography column (CH 2 Representative data for compounds 3a-3d, 4a-4d
Zn(II) 5, 10, 
Preparation of the Cardanol-Based Porphyrin/TiO 2 Composites
The loaded samples used as photocatalysts for the photoreactivity experiments were prepared by impregnating TiO 2 with cardanol-based porphyrins. The procedure is as follows: An opportune amount of sensitizer 3a-3d and 4a-4d was dissolved in CH 2 Cl 2 (20 mL) and finely ground TiO 2 (1 g) was added into this solution. The mixture was stirred for 3-4 h and the solvent removed under vacuum. The resulting composites were marked as 3a/TiO 2 -3d/TiO 2 and as 4a/TiO 2 -4d/TiO 2 , respectively.
Photo-Reactivity Experiments
Photoreactivity experimenta were carried out in a set-up equipped with a UV lamp (250 W Hg 200 ULTRA lamp), the distance between lamp and the surface of solution is 40 cm with an intensity of 30 W/m 2 . The temperature inside the reactor was maintained at ca. 300 K. The reacting aqueous suspension of 4-nitrophenol (4-NP, 20 mg/L, 125 mL) and catalyst (100 mg) was stirred with a magnetic bar. The initial pH of the suspension was adjusted to 4.0 by the addition of H 2 SO 4 . Air was bubbled into the suspension when switching on the lamp. Samples (3 mL) were withdrawn from the suspension every 30 min during the irradiation. The photocatalysts were separated from the solution by centrifugation and successively filtered through 0.45-µm celluloseacetate membranes (HA, Millipore) before to perform the quantitative determination of 4-NP by measuring its absorption at 316 nm with UV-Vis spectrophotometer. Bare TiO 2 was also tested for the sake of comparison under the same experimental conditions.
Conclusions
In this paper we have described the synthesis and characterization of some new cardanol-based porphyrins derivatives, 3a, 3b, 3c, 4a, 4b and 4c. Selected Cu(II) porphyrins used as sensitizers onto TiO 2 samples showed the best photo-catalytic activity for the photo-degradation of 4-NP in water, compared with the other MPp/TiO 2 composites.
